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A the rmograv ime t r i c  ana lys i s  of the decomposit ion of goethite- r i c h  
s a m p l e s  of l imonite and m e a s u r e m e n t  of the  equi l ibr ium vapor p r e s s u r e  of 
the  w a t e r  physically bound in  the sample  a r e  pe r fo rmed .  The  heats  of so rp -  
t ion f o r  the physically bound component a r e  de te rmined ;  a n  act ivat ion energy  
of 29 5 3 ca l /mole  is  found between 225" and 390°C. The  goethi te-hemat i te  
reac t ion  i s  of o r d e r  112, r easonab le  f o r  the  powders  used.  The  r e su l t s  
imply that  physical  so rp t ion  wi l l  tend to  t ake  place preferent ia l ly  over  con- 
densation.  This  tends  on M a r s  t o  inhibit the forrnation of a wa t e r  polar  cap. 
The a tmosphe r i c  w a t e r -  vapor p r e s s u r e  should vary  with the  s ea sons  because  
of the t e m p e r a t u r e  dependence of physical  sorption.  Since the amount of this  
va r ia t ion  s e e m s  to  be in  a cco rd  with the spec t roscop ic  observa t ions ,  a n  
a l t e rna t ive  ex i s t s  t o  the hypothesis  that  the  g r e a t e r  wa t e r -vapo r  pa r t i a l  p r e s -  
s u r e  in the spr ing  hemi sphe re  indicates  me r id iona l  t r a n s p o r t  of wa t e r  vapor  
and a n  ice polar  cap. Because  of t he i r  supe r io r  topographical  resolution,  
spacec r a f t  cor re la t ions  of t e m p e r a t u r e  and wate r -vapor  abundance s e e m  to 
be the m o s t  promis ing tool  f o r  es tabl ishing whether  so rp t ion  o r  condensation 
con t ro l s  the s ea sona l  and topographical  va r ia t ions  in the  a tmosphe r i c  wa t e r -  
vapor  content. 
N o u s  a v o n s  f a i t  u n e  a n a l y s e  t h e r m ~ g r a v i m ~ t r i ~ u e  d e  l a  
d g c o m p o s i t i o n  d t & c h a ~ t i l l o n s  d e  l i m o n i t e  r i c h e s  e n  g o d t h i t e  
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p h y s i q u e m e n t  u n i e  l t & c h a n t i l l o n .  N o u s  a v o n s  d G t e r m i n 4  l e s  
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a v o n s  t r o u v g  u n e  g n e r g i e  d ' a c t i v a t i o n  d e  2 9  * 3 c a l / m o l e  
e n t r e  2 2 5  e t  3 9 0 '  C .  L a  r g a c t i o n  g o g t h i t e - h g m a t i t e  e s t  d e  
l ' o r d r e  d e  1 / 2 ,  c e  q u i  e s t  r a i s o n n a b l e  p o u r  l e s  p o u d r e s  
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GOETHITE ON MARS: 
A LABORATORY STUDY O F  PHYSICALLY AND 
CHEMICALLY BOUND WATER IN FERRIC OXIDES 
J a m e s  B. Po l lack ,  Douglas P i tman ,  Bishun N. Kha re ,  
and C a r l  Sagan 
INTRODUCTION 
Dollfus (1 957), Sharonov (1 961), Sagan, Phaneuf, and Ihnat (1 965), 
Binder  and Cruikshank (1963), and Po l lack  and Sagan (1967) have d i s -  
cussed  the poss ible  p resence  of l imoni te  on M a r s .  Limoni te  i s  a common 
t e r r e s t r i a l  r ock  containing the hydrated f e r r i c  oxide m i n e r a l ,  goethite. T O  
unders tand be t t e r  the behavior of goethite on M a r s ,  we have under taken a 
s e r i e s  of l abora to ry  m e a s u r m e n t s  of i t s  wa t e r  components.  Goethite con- 
ta ins  both a physically bound component, which is p r e sen t  a s  w a t e r  of so rp -  
tion, and a chemical ly  bound component, which has been incorporated into 
the c r y s t a l  s t r uc tu r e .  Unlike the physically bound component ,  the chemical ly  
bound wate r  i s  not p resen t  a s  identifiable wa t e r  molecules .  I t s  a t oms  have 
been r e a r r a n g e d  wi th  those  of f e r r i c  oxide, in  the propor t ion 1:1, to  f o r m  a 
s t r u c t u r e  wi th  individual hydrogen a toms  each  s i tuated symmet r i c a l l y  between 
a pa i r  of oxygen a toms  (Goldsztaub, 1935). When heated to high t e m p e r a t u r e s ,  
goethite i s  t r an s fo rmed  into i t s  anhydrous  derivative,  hemat i te ,  which has a 
d i f ferent  c r y s t a l  s t r uc tu r e ,  and w a t e r  vapor i s  r e l e a sed .  
Below we de sc r i be  a t he rmograv ime t r i c  analys is  of the decomposi t ion 
of goethite and m e a s u r e m e n t s  of the equi l ibr ium vapor p r e s s u r e  of the  
physically bound component. F r o m  the data ,  we obtain hea t s  of so rp t ion  f o r  
the physically bound component and a n  activation energy  and o r d e r  of the  
reac t ion  involving the r e l e a s e  of the other  wa t e r  component. Final ly ,  we 
cons ider  the applicat ion of the r e su l t s  t o  M a r s .  
Th i s  work  was  suppor ted i n  p a r t  by g r an t s  NGR 09-01 5-023 and 
NGR 33-010-082 f r o m  the  National Aeronaut ics  and Space Adminis t ra t ion.  
2. DESCRIPTION O F  THE SAMPLES 
We investigated the p roper t i es  of two naturally occur r ing  l imonite samples  
obtained f r o m  W a r d ' s  Natura l  Science Establ ishment ,  Rochester ,  New York .  
One i s  indigenous t o  C a r t e r  svil le,  Georg ia ;  the other, to Biwabik, Minnesota.  
These  s amp le s  have been studied the rmograv imet r ica l ly  and spectrophoto- 
me t r i ca l l y  by Sagan e t  al.  (1965). The  two m i n e r a l s  a r e  textural ly  quite 
d is t inct  but, a s  we s e e  below, a r e  chemically s imi l a r .  The Georgia  sample  
occu r s  natural ly  as a fine yellow powder with a n  average  dimension of 70 p, 
while the Minnesota s amp le  i s  in  an unpulverized s ta te .  This  second s ample  
w a s  ground and passed  through a s c r e e n  with 44-p m e s h  openings. The  
p r e sence  of goethite in  each  sample  was  verif ied by a Debye-Scherer  X - r a y  
diffraction analysis ,  which a l s o  indicated the p r e sence  of significant amounts  
of quar tz .  
Determinat ions  of the weight f rac t ion  of i r on  and hydrogen p r e s e n t  in  the 
s amp le s  w e r e  made  by the Skinner and She rman  Labora tor ies  of Newton, 
Massachuse t t s .  They employed the phenanthroline method to  de te rmine  the  
to ta l  i r on  content (Amer ican  Publ ic  Health Association,  1965) and found the 
hydrogen content by heating the  spec imens  to  1000°C in  a homemade vacuum- 
fusion analyzer .  Assuming that  a l l  the i r on  i s  p r e sen t  a s  F e 2 0 3  and all the  
hydrogen a s  H 0, we der ive  the  m a s s  f ract ions  shown in  columns A and B 2 
of Table  1 ,  The wa te r -  vapor abundance so  determined i s  the s u m  of the  
chemical ly  and physically bound components. Requiring a 1: l  r a t io  by 
number  between chemical ly  bound w a t e r  and f e r r i c  oxide, we s epa ra t e  the 
two components,  with r e su l t s  shown in  columns C and E of Table  1. 
As  a check on the above procedure ,  we  per formed  a t he rmograv ime t r i c  
ana lys i s  of the  Ca r t e r sv i l l e  specimen.  The  s amp le  was  heated a t  a fixed 
t e m p e r a t u r e  f o r  8-hr  per iods  until the weight of the solid component became 
constant ;  then  the sequence was  repea ted  a t  higher t empe ra tu r e s .  D r y  nitrogen 
flushed the tube fu rnace  dur ing heating. The r e su l t s  a r e  shown in F i g u r e  1. 
The slow, continuous var ia t ion of the m a s s - l o s s  curve  is a t t r ibuted to  a l o s s  
of the physically bound w a t e r ,  while the a l m o s t  discontinuous change near  
200°C r e p r e s e n t s  a decomposit ion of goethite into hemat i te  wi th  the r e l e a s e  
of the chemical ly  bound component (Posn j ak  and Merwin,  191 9 ) .  F igu re  1 
sugges t s  that  a to ta l  weight l o s s  of 7 ,  570 had been  sustained when the t e m p e r a -  
t u r e  reached 40O0C, in  good ag reemen t  wi th  the to ta l  wa t e r  content of 8. 3'510 
i n f e r r ed  f r o m  the chemica l  analys is  of the H content a t  1000°C. F r o m  the  2 
magnitude of the  n e a r  discontinuity, we in fe r  a weight percentage o'f 6 . 4 %  f o r  
the chemical ly  bound component, which i s  in ag r eemen t  with the f igure  infer-  
r ed  f r o m  the i r o n  and hydrogen ana lyses .  We conclude that  the amounts  of 
goethite and w a t e r  de r ived  should be  quite c lose  to  the  t r u e  values.  Below we 
u s e  F i g u r e  1 i n  studying the kinet ics  of the decomposi t ion of goethite. 
Table  1. Pe r cen t age  by weight of the F e  0 and H 2 0  
-8, 
content of the samples .  "' 2 3 
Fe203 Tota l  Chemical ly  Physical ly  
H2° bound H 2 0  bound H 2 0  
Sample  A B C D E F G 
C a r t e r s v i l l e ,  57. 270 8. 3% 7. 7570 6 .4% 6 .4% 1. 9% 1. 11% 
Georg i a  
Biwabik, 72. 670 9. 7'510 - 8. 270 - 1.  570 - 
Minnesota  
: 
The r e su l t s  in columns A, B, D, and F w e r e  obtained f r o m  the 
phenanthroline and vacuum-fusion ana lyses ,  while the remain ing  
columns w e r e  i n f e r r ed  the rmograv i rne t r i ca l ly .  
F i g u r e  1 .  A t he rmograv ime t r i c  ana lys i s  of the Ca r t e  r sv i l l e ,  Georgia ,  sample .  
I t  w a s  heated to p rogress ive ly  higher  t empe ra tu r e s ,  with the  p e r -  
cent  m a s s  l o s s  (with r e s p e c t  t o  the  in i t ia l  value) m e a s u r e d  at the 
end of e a c h  heating cycle.  The sudden l o s s  of w a t e r  n e a r  200 "C 
r e f l e c t s  a n  outgassing of the chemical ly  bound component and sub -  
sequent  convers ion of the s amp le  t o  hemat i te ,  while the m o r e  
g radua l  outgas sing i s  a t t r ibutable  to the physically bound w a t e r  
component.  
9 - - 
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3. VAPOR-PRESSURE MEASUREMENTS O F  THE PHYSICALLY 
BOUND COMPONENT 
We m e a s u r e d  the equi l ibr ium vapor  p r e s s u r e  of w a t e r  over  both s a m p l e s  
between - 50" and t 150  "C.  Measurements  in this  t empe ra tu r e  domain r e f e r  
to the physically bound component (cf.  F igu re  1) .  It i s  ex t remely  difficult 
to  obtain d i rec t ly  the corresponding informat ion f o r  the chemical ly  bound 
wa t e r :  a t  t e m p e r a t u r e s  above 130 "C the equ i l ib r ium vapor p r e s s u r e  ove r  
these  m i n e r a l s  is g r e a t e r  than  i t  i s  ove r  l iquid w a t e r  (Pollack,  Wilson,  and 
Goles ,  1969; hencefor th  r e f e r r e d  to  a s  P a p e r  I). Accordingly, condensation 
wi l l  occu r  a t  such  t e m p e r a t u r e s  before equi l ibr ium i s  at tained.  On the  o ther  
hand, a t  t e m p e r a t u r e s  below 130°C the t ime  to  r e a c h  equi l ibr ium i s  a t  be s t  
on the o r d e r  of a y e a r  ( P a p e r  I), and s o  fo rmidab le  exper imenta l  diff icult ies 
p r e sen t  themse lves .  
The  appara tus  in which the  m e a s u r e m e n t s  w e r e  per fo rmed  i s  r ep r e sen t ed  
schemat ica l ly  i n  F i g u r e  2 and photographically in  F i g u r e  3. A f e r r i c  oxide 
m i n e r a l  s amp le  was  vacuum sea led  into the s y s t e m  and brought to l iquid- 
n i t rogen  t e m p e r a t u r e s ,  and the en t i r e  s y s t e m  evacuated by a mechan ica l  
pump and Hg-diffusion pump operat ing in tandem.  By pumping f o r  about a 
- 4 day, w e o b t a i n e d p r e s s u r e s w 1 0  t o r r  (1 t o r r = 1  m m H g ) .  T h e s a r n p l e  
was  then isola ted f r o m  the vacuum pump and placed in a cons t an t - t empe ra tu r e  
bath  a t  the t e m p e r a t u r e s  of i n t e r e s t .  Cons t an t - t empe ra tu r e  baths of c a rbon  
te t rach lor ide ,  c a rbon  disulf ide,  wa te r  ice ,  chlorobenzene,  and m i x t u r e s  of 
d r y  i c e  and acetone w e r e  used to a t t a in  t e m p e r a t u r e s  below room t e m p e r a -  
t u r e ,  while a r e s i s t a n c e  fu rnace  was  employed f o r  the higher  t e m p e r a t u r e s .  
The t e m p e r a t u r e  of the s amp le  was  moni tored by a thermocouple  bur ied  within 
it. 
Af ter  the sample  had reached  the t e m p e r a t u r e  of the bath, i t s  por t ion 
of the s y s t em w a s  connected to  a p r e s s u r e  s e n s o r .  F o r  p r e s s u r e s  above 
10 t o r r  a  m e r c u r y  manome te r  was  employed;  a t  lower  p r e s s u r e s  a "Baro t ron"  
capaci tance  p r e s s u r e  gauge, linked to a s t r i p -  c h a r t  r e c o r d e r ,  w a s  used.  
In a l l  c a se s ,  a f t e r  a sufficient  period of t ime ,  a cons t an t -p r e s su re  read ing  
w a s  obtained, indicating that  equi l ibr ium had been es tabl ished.  We e s t ima t e  
the t ime  needed to approach  equi l ibr ium f r o m  ini t ia l  vacuum conditions to  be 
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F i g u r e  2 .  Schemat ic  d i ag ram of the appa ra tu s  used to m e a s u r e  the equilib- 
r i um vapor  p r e s s u r e  of the l imoni te  s amp le s .  The s amp le  i s  
introduced into the f lask,  and i t s  t empe ra tu r e  i s  controlled by 
the cons tan t - t empera tu re  fu rnace  (for high t e m p e r a t u r e s )  o r  ba th  
(for  low t e m p e r a t u r e s ) .  The  diffusion and mechan ica l  pumps a r e  
used to  e s t ab l i sh  vacuum conditions, and t he i r  pe r fo rmance  i s  
moni to red  by the subsys t ems  labeled I. G .  ( ionization gauge) and 
T .  G .  ( thermocouple  gauge).  The t e m p e r a t u r e  of the  s amp l e  i s  
m e a s u r e d  by a thermocouple  inse r ted  into it (which i s  not re la ted  
-
to  T .  G .  ), and i t s  vapor p r e s s u r e  i s  m e a s u r e d  a t  high p r e s s u r e s  
by the  Hg manome te r  and a t  low p r e s s u r e s  by the capaci tance  
manome te r .  The PX and PR port ions of the capaci tance  m a n o m e t e r  
a r e  connected to  the unknown ( i .  e .  , s amp le )  p r e s s u r e  line and to a 
r e f e r e n c e  p r e s s u r e  line (a t  vacuum condit ions),  respect ively .  The 
volume between the top of the s amp le  and the capaci tance  manorn-  
e t e r  was  39 cc .  The Biwabik and C a r t e r s v i l l e  s amp le s  occupied 
volumes of 60 and 4 2  c c  and had m a s s e s  of 59 and 8 2  g, respect ively .  
F i g u r e  3 .  Photograph  of the  ac tua l  a p p a r a t u s ,  C o m p a r e  with the  s c h e m a t i c  
d i a g r a m  given in F i g u r e  2.  
F i g u r e s  4 and 5 s u m m a r i z e  the r e su l t s .  Curve 1 r ep r e sen t s  the 
equi l ibr ium vapor p r e s s u r e  above liquid and solid w a t e r  for  t e m p e r a t u r e s  
above and below 0 "C ,  respect ively ,  while the other  curves  indicate our  r e su l t s  
f o r  the  f e r r i c  oxide m i n e r a l s .  The  ini t ial  s e t  of m e a s u r e m e n t s  a t  one sequence 
of t e m p e r a t u r e s  i s  given by curve  2. Subsequently,  we diminished the amount 
of physically bound w a t e r  p resen t  in the sample  and then r e m e a s u r e d  the vapor 
p r e s s u r e ,  with the r e su l t s  shown in curve  3 .  In a s i m i l a r  fashion cu rves  4 
and 5 w e r e  obtained. T o  d e c r e a s e  the amount of so rba te ,  we  e i the r  expanded 
the ga s  into a l a r g e r  volume o r ,  m o r e  typically,  connected the sample  t o  the 
l iquid-nitrogen cold t r a p  and vacuum pumps and evacuated the  s y s t e m  f o r  a t  
l e a s t  a few hours .  The l a s t  pumping opera t ion  f o r  e ach  s amp le ,  which took 
place between curves  4 and 5, o c c u r r e d  ove r  an  in te rva l  of s e v e r a l  days wi th  
the s amp le  a t  a t e m p e r a t u r e  of 150°C. We found that it became progress ive ly  
m o r e  difficult to  d isplace  the  cu rve s  f r o m  the previous  values .  On s e v e r a l  
c u r v e s ,  a f t e r  measu r ing  the p r e s s u r e s  a t  the peak t empe ra tu r e  point, we  
lowered  the t e m p e r a t u r e  and pe r fo rmed  f u r t h e r  p r e s s u r e  m e a s u r e m e n t s .  The 
r e s u l t s  f o r  this  l a s t  s e t  of da ta  coincided wi th  the  curve  de te rmined  f r o m  the 
in i t ia l  s e t  of observat ions .  Th i s  finding conf i rms  that  the m e a s u r e m e n t s  
r e f e r  to equi l ibr ium p r e s s u r e s .  
Two t e s t s  w e r e  made  to  e n s u r e  that  the observed  vapor w a s  a l m o s t  ent i re ly  
w a t e r  vapor. F i r s t ,  f o r  cu rve  2 of the Ca r t e r sv i l l e  s amp le ,  the t empe ra tu r e  
was  r a i s e d  sufficiently s o  that  the  vapor  p r e s s u r e  exceeded 26 t o r r .  A s  t he  
m a n o m e t e r  w a s  a t  room t empe ra tu r e ,  condensation of liquid w a t e r  should 
have occu r r ed  when the to ta l  p r e s s u r e  approached 26 t o r r ,  provided the gas  
w a s  a l m o s t  en t i re ly  wa t e r  vapor .  As can  be s e e n  f r o m  the m e a s u r e d  points 
of F i g u r e  4 ,  a  b r e a k  in the m e a s u r e d  c u r v e s  does  occur  a t  26 t o r r .  In addition, 
a  m o r e  detai led ana lys i s  w a s  made  of the vapor f o r  s e v e r a l  m e a s u r e m e n t s  of 
the Biwabik sample .  Equi l ib r ium was  allowed to occur  throughout the  sy s t em.  
Then the  vapor in a port ion of the s y s t e m  containing the p r e s s u r e  gauge was  
isola ted f r o m  the s amp le ,  and a cold f inger  in this  sect ion was  placed in 
liquid nitrogen.  The p r e s s u r e  w a s  found t o  d e c r e a s e  to a few percen t  of i t s  
in i t ia l  value, reflect ing the p r e sence  of noncondens able components in the  
vapor .  A. m a s s - s p e c t r o m e t r i c  ana lys i s  of the remaining f rac t ion  of the vapor 
F i g u r e  4 .  Points  along cuves 2 ,  3 , 4 ,  and 5 r e p r e s e n t  the  m e a s u r e d  vapor -  
p r e s s u r e  values f o r  the Ca r t e r sv i l l e ,  Georg ia ,  sample .  Curve  2 
w a s  f i r s t  m e a s u r e d ,  and subsequently the s y s t e m  w a s  vacuum 
pumped f o r  a  number  of hours .  The resul t ing v a p o r - p r e s s u r e  
curve  i s  given by curve  3, reflect ing a d e c r e a s e  in  the  so rba t e  
volume. In a  s i m i l a r  fashion,  c u r v e s  4 and 5 w e r e  obtained. 
Curve 1 i s  the equ i l ib r ium vapor-  p r e s s u r e  cu rve  of liquid w a t e r  
and i c e ,  a t  t e m p e r a t u r e s  above and below O°C, respect ively .  
Cu rve  1 was  m e a s u r e d  with o u r  appara tus  and i s  i n  excel lent  
ag r eemen t  with s t andard ,  tabulated va lues .  
Ternperat u r e  ( O C  1 
Figu re  5 .  Vapor- p r e s s u r e  curves  fo r  the Biwabik, Minnesota, sample .  The 
curves  have a s i m i l a r  meaning t o  those  in  F i g u r e  4. 
indicated the p r e sence  of a s m a l l  amount  of gas  with a m a s s  number  16,  pos- 
s ib ly  methane,  the p r e sence  of which d e s e r v e s  f u r t he r  study. Finally,  a n  
i c e -wa t e r  bath  at 0 O C  rep laced  the liquid ni t rogen a t  the cold t r ap .  The 
resul t ing p r e s s u r e  was  a lmos t  ident ica l  with the equi l ibr ium vapor  of wa t e r  
ove r  i c e  a t  0 O C .  Thus ,  except  f o r  a few percen t  of o ther  g a s e s ,  the observed  
vapor  consis ted  of wa t e r .  
The  cu rves  obtained f o r  the two s amp le s  a r e  v e r y  s i m i l a r .  This  finding 
indicates  that  changes i n  the  propor t ion of m ino r  m i n e r a l  cons t i t~ l en t s ,  includ- 
ing quar tz ,  do not d ras t i ca l ly  a l t e r  our  resu l t s .  
Above, we found that  the equi l ibr ium vapor p r e s s u r e  of the physically 
bound wate r  component i s  a  function not only of the t e m p e r a t u r e  of the l imoni te  
s amp le  but a l s o  of the so rba t e  volume, i. e. , the  amount of physically bound 
w a t e r  p resen t .  F o r  this  reason ,  we obtained a s e r i e s  of cu rve s ,  r a t h e r  than  a 
unique curve a s  t h e r e  would be f o r  the chemical ly  bound component. Such a 
r e su l t  i s  typical  of the behavior  of a l l  g a s e s  that  exper ience  sorpt ion by sol id  
m a t e r i a l s  (Dushman, 1962)  and is analogous to the behavior  of ga se s  d issolved 
in l iquids.  
4. THERMODYNAMIC CALCULATIONS 
Using the  data  p resen ted  above, we der ive  s e v e r a l  the rmodynamic  
var iab les  of in te res t .  We begin by es t imat ing  the heat  of sorpt ion,  i. e . ,  
the hea t  r equ i r ed  t o  cause  a mole  of physically bound wa t e r  to  undergo a 
phase  change to the vapor s t a te .  In F igu re s  6 and 7 ,  the curves  of F i g u r e s  4 
and 5 have been replotted on a g r aph  whose coordinates  a r e  log p r e s s u r e  and 
r e c i p r o c a l  t empe ra tu r e .  The s lopes  of the cu rve s  on these  new graphs  can 
be d i r ec t l y  re la ted  t o  the heat  of sorpt ion through the Clausius-  Clapyeron  
equation. We s e e  that  t o  f i r s t  o r d e r  the points f o r  a given curve  l ie  along a 
s t r a i gh t  l ine,  indicating that  the  hea t  of so rp t ion  does not va ry  rapidly  wi th  
t e m p e r a t u r e .  
Tab le  2 s u m m a r i z e s  the  heats  of so rp t ion  Q der ived f r o m  e a c h  of the  
cu rve s .  Also  given i s  the  observed  o r  ext rapola ted p r e s s u r e  P a t  75"C,  75 
so  as t o  define m o r e  quantitatively the di f ferences  between the var ious  cu rve s .  
F o r  both s a m p l e s  the re  i s  a sy s t ema t i c  i n c r e a s e  in Q with a d e c r e a s e  i n  the 
pa r t i a l  p r e s s u r e ,  o r  equivalently of the amount  of so rba t e  a t  a  given t e m p e r a -  
t u r e .  We a l s o  s e e  that the values of Q fo r  t he  two s amp le s  a t  s i m i l a r  values 
of P75 a r e  in good ag reemen t .  An es t imated  uncer ta inty  in the value of Q 
of about  f. 0. 5 kca l /mo le  i s  implied by the s c a t t e r  of the data  points and by 
compar i son  of the r e su l t s  f o r  the two s amp le s .  
In  o r d e r  f o r  physical  so rp t ion  t o  occu r  ins tead of condensation,  the  change 
in f r e e  ene rgy  f o r  the f i r s t  p roce s s  should be g r e a t e r  than that  f o r  the second.  
While we cannot exactly equate la tent  heats  wi th  changes in  f r e e  energy ,  we  
can genera l ly  expect  that  the  heat  of so rp t ion  should be  comparab le  to  o r  
g r e a t e r  than  the la tent  heat  of condensation i n  o r d e r  that  sorpt ion take place.  
Compar ing  the heats  given i n  Table  2 wi th  the  values  of 10 .8  and 12. 2 kca l /mo le  
fo r  the la tent  hea t s  of liquid w a t e r  and i ce ,  r espec t ive ly ,  we s e e  that  th i s  
condition i s  m e t .  
Figu re  6 .  A replott ing of F igure  4 with the  hor izontal  coordinates  in units 
of 1 / T  X 103 1°K.  The s lope of e ach  curve is  propor t ional  to 
the hea t  of sorption.  
F i g u r e  7 .  A replot t ing  of F i g u r e  5 .  S e e  the  desc r ip t ion  of F i g u r e  6. 
Table 2.  Heats of sorpt ion Q and equi l ibr ium vapor p r e s s u r e s  
of w a t e r  P for  pulverized l imonite.  
Biwabik Sample  C a r t e r  sville Sample 
Q P (at  75 "C) Q P (a t  75°C) 
Curve  (kca l /mole )  ( t o r r )  (kca l /mole )  ( t o r r )  
The deduced i n c r e a s e  of the heat  of sorp t ion  with decreas ing  so rba t e  
volume i s  in acco rd  with the behavior of many  s i m i l a r  s y s t e m s  (Dushman, 
1962). Such a phenomenon can be understood in  t e r m s  of the molecu la r  environ-  
men t  of a molecule  that  c an  readi ly  escape.  When the so rba t e  volume i s  l a rge ,  
t he r e  may  be a number  of o ther  wa t e r  molecu les  in  i t s  immedia te  environ- 
ment ,  and s o  the  molecu la r  f o r c e s  wil l  be quite s i m i l a r  to those  n e a r  a 
molecule  in the top l aye r  of the  condensate.  Accordingly, we would expect  
the  heat  of sorpt ion t o  be quite s i m i l a r  to the la tent  heat  for  condensation, in 
ag reemen t  with the r e su l t s  of Table  2. When the  so rba t e  volume i s  smal l ,  a 
molecule  capable of escaping wi l l  exper ience fo r ce s  principally f r o m  the  a toms  
of the  host m ine ra l ,  and in accord  with the d i scuss ion  of the previous paragraph,  
th is  wi l l  general ly  r e su l t  in hea t s  of sorp t ion  l a r g e r  than the  value fo r  the 
la tent  heat of condensation. 
The physically bound w a t e r  m a y  be a t tached to the  l imonite in t h r e e  pos-  
s ib le  ways.  I t  m a y  be adsorbed  to the su r f ace  of the sorbent ,  absorbed  
in the in te r io r ,  o r  condensed a s  capi l lary  wate r .  Unfortunately, the p r e s e n t  
data  do not al low us t o  dist inguish among the se  poss ibi l i t ies .  However,  s ince  
the number  of molecu les  of physically bound wa te r  can be of the  s a m e  o r d e r  a s  
the number  of so rben t  molecu les ,  absorpt ion may  be the dominant mode 
(cf. Table  1 ) .  
Measurements  of the specific heat  of goethite provide a way of de te rmin-  
ing i t s  thermodynamic proper t i es  a t  t empe ra tu r e s  di rect ly  re levant  for t e r -  
r e s t r i a l  and Mar t ian  conditions. Unfortunately, these  r e su l t s  m a y  be 
se r ious ly  influenced by the p r e sence  of the physically bound component, 
especia l ly  if a powder i s  used in the study. Some physically bound 
wa te r  wi l l  be r e l ea sed  a s  the  spec imen  is  heated. The specific heat  of many  
m i n e r a l s  i s  about 0. 25 c a l / g  (KO). Such a f igure  fo r  goethite impl ies  a m o l a r  
specif ic  heat  of 44 ca l lmo le  (KO ) o r  4. 4 kca l /mole  (1 00 KO ) .  Since the heat  
of sorpt ion i s  typically 15  kca l lmo le  and s ince  l imonite powders general ly  
contain a sorba te  m o l a r  f ract ion on the o r d e r  of unity (cf. Table  1 ), the 
m e a s u r e d  specific hea t s  m a y  be significantly influenced by th is  component. 
P e r h a p s  the use of solid spec imens  of goethite wi l l  help reduce th is  problem.  
We next consider  the decompostion of goethite into hemat i te ,  with a n  
accompanying r e l e a s e  of the chemical ly  bound wa te r .  We f i r s t  d i scuss  the 
o r d e r  n of this  react ion defined by 
where  w i s  the f rac t ion  of goethite remaining a t  t ime  t normal ized  s o  that  
w ( t  = 0) = 1.  The p a r a m e t e r  k i s  the r a t e  constant .  L i m a  de F a r i a  (1963) 
ha s  m e a s u r e d  the  percen t  m a s s  l o s s  of goethite during decomposition, p ro-  
por t ional  t o  (1 - w), a s  a function of t ime  a t  a var ie ty  of fixed t empera tu r e s .  
His  curves  show a significant curva ture  a t  high m a s s  l o s s ,  indicating n > 0. 
On the other  hand, they approach  t he i r  asymptot ic  value m o r e  rapidly than 
does the  theore t ica l  curve  fo r  n = 1. A quantitative compar i son  of equation (1)  
with these  data  indicates n = 1 12. 
It m a y  a t  f i r s t  appea r  odd that  the r e  should be any dependence of the  r a t e  
on w. In understanding the above resu l t ,  we should take into considerat ion 
that  t he  s amp le  was  a powder. W e  postulate that  the  goethite-hemati te phase 
boundary i s  ini t ial ly defined by the  su r f ace  a r e a  and advances  into the  g r a i n  
with t ime .  Suppose that  the r a t e  of dehydration i s  propor t ional  to  the 
instantaneous a r e a  of the phase  boundary. Then  dw/dt  wi l l  va ry  a s  w 2 I 3  f o r  
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sp l i c res ,  a s  w fo r  long cy l inders ,  and a s  wo f o r  f l a t ,  thin p la tes .  Since a 
powder is a mix ture  of s u c h  shapes ,  i t  s e e m s  reasonab le  that ,  approximately ,  
dw/d t  a w1 l2  , a s  observed .  Alternatively,  decomposi t ion may  occur  a t  the 
s a m e  r a t e  a t  the phase boundary,  but the diffusion of w a t e r  vapor f r o m  the 
phase  boundary to the s u r f a c e  m a y  take longer  the deeper  the boundary is .  
A quantity of g r ea t  i n t e r e s t  is the activation energy  E of the chemical ly  
a 
bound component, which defines the t empe ra tu r e  dependence of the  r a t e  constant  
through the Arrhen ius  re la t ion  
w h e r e  R i s  the un iversa l  g a s  constant ,  T the absolute t e m p e r a t u r e ,  and C a 
proport ionali ty constant .  In pract ice ,  E m a y  i tself  be a function of T.  We 
a 
now desc r i be  t h r e e  independent e s t ima t e s  of E . L i m a  de F a r i a  es t imated  
a 
E t o  be 19. 8 kca l lmo le  f r o m  his dehydration c u r v e s  a t  350°,  400° ,  and 
a 
450" C. We believe t h e r e  i s  a n  e r r o r  in this  resu l t .  His  cu rve s  a t  300°,  
325", and 350" C, a l l  of which a r e  we l l  defined, show a n  apprec iab le  l i nea r  
port ion.  An extrapola t ion of the l i nea r  por t ion of the curve  to  z e r o  m a s s  
10s s  impl ies  a nonzero and a positive value f o r  the t ime  coordinate ;  i. e .  , t h e r e  
i s  ini t ial ly l e s s  m a s s  10s s than expected f r o m  the  extrapolat ion.  We i n t e r p r e t  
th i s  a s  an  indication of the f ini te t i m e  requ i red  f o r  the in te r io r  of the s amp le  
t o  r e a c h  the t e m p e r a t u r e  of the fu rnace .  In the above d i scuss ion  of the o r d e r  
of the react ion,  the z e r o  point of the t i m e  s ca l e  w a s  appropr ia te ly  shif ted.  
L i m a  de F a r i a ' s  cu rve s  a t  400"  and 450 " C  a r e  defined by re la t ively  few 
points  and l ie  mos t ly  within t he  t ime  zone whe re  the o ther  cu rve s  show an  
apprec iab le  lag  in outgass ing.  Accordingly,  we cons ide r  the value of 
19. 8 kca l /mole  in fe r red  f o r  E a  a s  only a lower  l imi t  to i t s  t r u e  value. 
Using the well-defined s lopes  f o r  the cu rve s  a t  350°,  325" ,  and 300°C, we 
d e r i v e  a value f o r  E of 33. 5 f 5 kca l /mole ,  whe re  the e r r o r  includes the 
a 
uncer ta inty  in the z e r o  point of the t ime  sca le .  The e r r o r  e s t ima t e  i s  prob-  
ably a conservat ive  one s ince  the value of E found f r o m  the s lopes  a t  325" 
a 
and 350" C a g r e e s  t o  be t t e r  than 1 kca l /mole  with that  obtained f r o m  the 
300" - 325°C pair .  
A second e s t ima te  of E can be obtained by combining the dehydration 
a 
curve shown in F igu re  1 with a n  analogous curve  obtained f o r  the s a m e  
sample  a t  significantly higher t empe ra tu r e s  by Sagan e t  al .  (1 965). F r o m  
the t i m e  s ca l e s  ass igned t o  the points in F igu re  1, we e s t ima te  that  a sample  
- 1 
of goethite held a t  a t empe ra tu r e  of 225 f 5°C wil l  dehydrate t o  e of i t s  
o r ig ina l  weight in 67 hr .  Sample solutions of the one-dimensional  heat-  
conduction equation indicate that  t empe ra tu r e  phase  l ags  through the powder 
a r e  negligible fo r  these  measu remen t s .  In the  e a r l i e r  m e a s u r e m e n t s  of 
Sagan e t  a l . ,  the  t empe ra tu r e  of the s amp le  was  i nc r ea sed  a t  a r a t e  of 
20 C /min  and the m a s s  l o s s  measu red .  Thermocouple  measu remen t s  
indicated a t empe ra tu r e  phase lag in the  in te r io r  of s amp le s  of no m o r e  than 
0. 5 OK (J. P. Phaneuf, 1 968, pr ivate  communication),  negligible fo r  ou r  con- 
s idera t ions .  A s t ra igh t forward  in tegrat ion of equations (1) and (2)  f o r  d ~ / d t  
constant  yields the following re la t ionship  between w and T:  
The subscr ip t s  i and f indicate,  respect ively ,  in i t ia l  and f inal  values;  
F(wf,  wi) is  given by 
In der iving equation (3), we have used a n  expansion of the exponential in tegra l  
of second o r d e r  f o r  l a r g e  values of the a rgument  (Chandrasekhar ,  1960). The 
data  of Sagan e t  al. imply w = 112 a t  T f  = 390 f 10 "C. f 
Combining these  two s e t s  of the rmograv ime t r i c  m e a s u r e m e n t s ,  we can  
obtain a value f o r  E f r o m  equation (3).  The value of C i s  found f r o m  using 
a 
the  lower  t empe ra tu r e  data in equation (2) and the i n t eg ra l  f o r m  of equation (1).  
We find E t o  be 29 & 2. 5 kca l /mo le  between 225" and 390°C;  E ha s  only a 
a a 
ve ry  s l ight  dependence on  n f o r  n between 0 and 1. The  s amp le  used by L i m a  
de F a r i a  was  quite pure,  whi le  o u r s  contained only about 50% goethite. Thus ,  
i t  is in teres t ing that  the two values  of E obtained should be v e r y  s i m i l a r ,  
a 
indicating no s t r ong  dependence upon the p r e sence  of o ther  m a t e r i a l s .  
A f inal  e s t ima t e  of E c a n  be  obtained by combining the  m e a s u r e m e n t s  
a 
of F i g u r e  1 a t  200" and 233 "C. After  18. 5 h r  of heating a t  200 "C, a f rac t iona l  
m a s s  l o s s  of 0. 82% w a s  recorded ,  while a f t e r  a n  addit ional  65. 7 h r ,  a m a s s  
change of 0. 8570 was  found. Although p a r t  of the f i r s t  s e s s i o n ' s  l o s s  could be 
physical ly  bound wate r ,  an  examinat ion of F i g u r e  1 impl ies  that  this  addit ional  
s o u r c e  of vapor i s  probably no t  enough to  account f o r  the n e a r  equali ty in the 
f r a c t i ona l  l o s s e s  despi te  a f ac to r  of 3 difference in  heating t imes .  T h e s e  
m e a s u r e m e n t s  occur  n e a r  w = 1, whe re  the m a s s  10s s should va ry  approxi-  
ma t e ly  l inear ly  wi th  t ime.  Thus ,  t h e r e  appea r s  to  be something wrong  with 
the m e a s u r e m e n t s  a t  200°C.  Success ive  m e a s u r e m e n t s  a t  233'C of 67,  
119. 1 ,  and 143 .8  h r  gave l o s s e s  of 3.670/0, 1 .  020/0, and 0. 1570, respect ively .  
At the  end of the  l a s t  m e a s u r e m e n t ,  the goethite had been a lmos t  complete ly  
conver ted to hemat i te ,  and indeed co lor  changes w e r e  appa ren t  even a f t e r  
the f i r s t  m e a s u r e m e n t  a t  200°C. The  in tegra l  f o r m  of equation (1) with 
n = 112 and equation (2) can  b e  employed t o  find a n  act ivat ion energy  f r o m  
the above data,  If we use  t he  second m e a s u r e m e n t  a t  200°C and the  f i r s t  
one a t  233'C, we  find a value f o r  E a  of 25.1 kca l /mole ,  in poss ible  a g r e e -  
m e n t  wi th  ou r  e s t ima t e s  above, w h e r e a s  the ave r age  value of the r e s u l t s  
a t  200°C and the f i r s t  m e a s u r e m e n t  a t  233°C l eads  t o  a value of 18 .3  kcal /mole ,  
i n  d i s ag reemen t  wi th  our  e s t i m a t e s .  I t  i s  difficult t o  s e e  how the  l a s t  value 
f o r  Ea can  be r a i s ed  t o  the previous  e s t ima t e s ,  which r e f e r  t o  h igher  ave r age  
t e m p e r a t u r e s .  However,  because  of the  apparen t  contradic t ion in  the  data ,  
we hes i t a te  to  conclude definitely that  E decl ines  with t e m p e r a t u r e .  
a 
Final ly ,  k may  have a dependence on par t i c le  s ize .  As the dehydration 
i s  a su r f ace  reac t ion  and the  amount of bound wa te r  i s  propor t ional  to the 
volume of a par t i c le ,  the r a t e  m a y  vary  inverse ly  with par t i c le  s ize .  
L ima  de F a r i a  found a quali tat ive indication of th is  effect. 
For tunate ly ,  the par t i c le  s i z e s  used in th is  exper iment  (a few tens  of 
m i c r o n s )  a r e  s i m i l a r  to those  found on M a r s  (Pollack and Sagan, 1967; 
Mor r i son ,  Sagan, and Pollack,  1969), s o  the  above resu l t s  should be  
applicable to d i scuss ions  of M a r s .  
5. IMPLICATIONS FOR MARS 
In  P a p e r  I  the react ion r a t e s  f o r  goethite decomposi t ion d i s cus sed  above 
a r e  used t o  reexamine  the s tabi l i ty  of th i s  m i n e r a l  on M a r s .  Below, sup-  
posing l imoni te  to  be modera te ly  abundant on the Mar t i an  su r f ace ,  we cons ider  
the consequences  of our  r e su l t s  f o r  the physically bound wa t e r  component.  
We f i r s t  r e l a t e  the  conditions a t  a  typical  loca le  on M a r s  t o  ou r  l abo ra to ry  
v a p o r - p r e s s u r e  cu rve s .  Schorn ,  Spinrad,  Moore ,  Smith ,  and G ive r  (1967) 
- 3 2 have detected approximately  15  p (1. 5 X 10 g / c m  ) of wa t e r  vapor  on the  
day s i de  of the planet, with l a r g e  s ea sona l  f luctuations,  which a r e  d i s cus sed  
below. Allowing fo r  condensation in  the a tmosphe re  and a low wa te r -vapo r  
-6  
abundance a t  the su r f ace  dur ing the night, we der ive  a value of 10 a t m  o r  
7 . 6  X t o r r  f o r  the pa r t i a l  p r e s s u r e  of w a t e r  vapor  a t  the Mar t i an  s u r -  
face .  An ave rage  e lement  of a r e a  exper iences  a d iurnal ly  averaged  
t e m p e r a t u r e  of 215°K (Morr i son  e t  a l . ,  1969). Examining F i g u r e  4, 
we s e e  that  the above-specif ied p r e s s u r e  and t e m p e r a t u r e  f a l l  between cu rves  
2 and 3. According t o  Table  1 ,  cu rve  2 co r r e sponds  t o  a m o l a r  so rba t e  
- 1 
volume of 1. 7 X 10  f o r  the  physical ly  bound wa t e r .  T o  find the so rba t e  
volurne cor responding  t o  the  Mar t i an  conditions specif ied above, we suppose  
t ha t  so rba t e  volume s c a l e s  l inear ly  with p r e s s u r e  at a given t e m p e r a t u r e  
(Hen ry ' s  Law),  a re la t ionship  that  i s  valid f o r  sufficiently s m a l l  so rba t e  
-2 
volumes.  Under  t he se  assumpt ions ,  a  m o l a r  so rba t e  volume of 3 .7  X 10  
i s  obtained. Below, we wi l l  a s s u m e  that  such a f igure  is t r u e  a t  a l l  M a r t i a n  
loca les ,  although i t s  exac t  value i s  of l i t t le  consequence fo r  t he se  cons idera -  
t ions.  S imi l a r l y ,  according t o  Table  2, a  heat  of so rp t ion  of about 
12. 5 kca l /mo le  appl ies .  
Scho rn  e t  al. (1967) have r epo r t ed  significant  var ia t ions  with posi t ion of 
the abundance of w a t e r  vapor  on M a r s .  Tab le  3 contains a s u m m a r y  of t he se  
observa t ions .  E a c h  of the f ive observa t ions  l i s t ed  r ep r e sen t s  at l e a s t  s e v e r a l  
days  of viewing. The  symbol  r e p r e s e n t s  the hel iocentr ic  longitude of M a r s ,  
D the  lat i tude of the s u b t e r r e s t r i a l  point (t indicating that  it l i e s  in the E .%, 
,,- 
no r the rn  hemi sphe re ) ,  and W the  amount of w a t e r  vapor detected in m i c r o n s  
of precipi table  H20 .  Because  of the t i l t  of the  Mar t i an  axis of ro ta t ion with 
r e s p e c t  to the E a r t h ,  a s  indicated by the value of DE, m o r e  than half of the 
observab le  d i sk  l i e s  in the no r the rn  hemi sphe re ,  and the sou thern  midla t i tudes  
w e r e  viewed obliquely, while the sou thern  po la r  regions  we re  not viewed a t  a l l .  
Accordingly,  the  t e r m s  nor thern  and sou thern  hemi sphe re s  in Table  3 a r e  
somewhat  ill defined. Schorn  e t  al .  a t t r ibu te  t h e i r  findings t o  the  vapor iza -  
t ion of w a t e r  i c e  in the no r the rn  po la r  cap,  wi th  subsequent t r a n s p o r t  of 
w a t e r  vapor to  the cooler  hemisphere  by winds,  and the  eventual  f o rma t ion  of 
a new polar  cap  in that  hemisphere .  
Table  3. S u m m a r y  of the observat ions  by Schorn  e t  al .  (1 967)  of the va r ia t ion  
in the dis t r ibut ion of wa te r  vapor  on M a r s  with season .  
t .Ir Season  7 w ". Dist r ibut ion D~ 
S t a r t  of sp r i ng  93 $1 5 "  <15 p. none observable  
E a r l y  sp r ing  115" t 2 0 °  <15 none observable  
La t e  sp r i ng  140" t 2 2 "  15 only nor thern  hemi sphe re  
Midsummer  200" t 2 3 "  10 s i m i l a r  amounts  i n  both 
hemi sphe re s  
M i d s u m m e r  210" $25" 25 m o r e  in sou thern  
hemisphere  
F o r  the  nor thern  hemisphere .  
F i g u r e  4 sugges t s  a n  a l t e rna t ive  explanation. The equi l ibr ium vapor  
p r e s s u r e  of l imoni te  v a r i e s  rapidly wi th  t empe ra tu r e .  Thus,  quite a p a r t  
f r o m  condensation,  the colder  hemisphere  of M a r s  wi l l  have a s m a l l e r  
a tmosphe r i c  wa t e r -vapo r  content a s  a r e su l t  of physical  sorpt ion on l imoni te  
g r a i n s .  Indeed, a s  observed  above, physical  sorpt ion wi l l  tend t o  take  place 
in  p r e f e r ence  t o  condensation,  and the fo rma t ion  of a wa t e r  polar cap  w i l l  be 
g rea t ly  inhibited. 
We now es t imate  the magnitude of seasona l  variat ion in vapor p r e s s u r e  
expected on the ba s i s  of physical sorption.  We f i r s t  show that  var ia t ions  in 
the wate r -vapor  par t i a l  p r e s su re  can  be t r ea t ed  a s  i so s t e r i c  p roces se s  by 
comparing the average  amounts of physically bound and a tmospher ic  wa t e r .  
Calculations by Mor r i son  e t  a l .  (1 96 9) indicate that  d iurnal  t empe ra tu r e  
var ia t ions  propagate to  a depth of about 1 cm.  Since the t h e r m a l  skin  depth 
v a r i e s  a s  the s q u a r e  root  of the cha rac t e r i s t i c  period,  seasona l  t empe ra tu r e  
changes will  propagate to  a depth of about 25 cm. We wil l  initially cons ider  
only the l ayer  of m a t e r i a l  that  undergoes seasona l  changes but has  a constant  
t empe ra tu r e  over  a day. With the  m o l a r  volume specified above and a density 
1 
of m a t e r i a l  of 1 g / c c  (Sagan and Pollack,  1965), t he r e  i s  1 X 10- g / c m  2 
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of physically bound w a t e r  in this  l ayer  compared  with only 1 .  5 X 10 g / c m  
2 
in the a tmosphere .  Thus,  the s ea sona l  changes in equi l ibr ium vapor p r e s s u r e ,  
a s  influenced by th i s  l aye r ,  may  be considered a s  occur r ing  i sos te r ica l ly ,  
i. e .  , a t  constant  sorba te  volume. 
Before  performing equi l ibr ium p r e s s u r e  calculations,  we explore  s e v e r a l  
o ther  a spec t s  of the  response  of the subsur face  l aye r s  t o  t empe ra tu r e  changes.  
Since measu remen t s  of the r ada r  reflectivity of Mar t ian  bright  a r e a s  indicate 
that  they  a r e  porous  t o  a depth of a t  l e a s t  1 m (Sagan and Pollack,  1965; 
P a p e r  I ) ,  we a r e  justified in assuming  an  in teract ion between the  a tmospher ic  
wa t e r  vapor and the  l aye r  undergoing s ea sona l  t empe ra tu r e  changes.  In 
addition, the cha rac t e r i s t i c  t ime  s c a l e s  do not exceed a Mar t ian  y e a r  
(-2 t e r r e s t r i a l  y e a r s ) .  Our l abora tory  s amp le s  showed response  t i m e s  f o r  
outgassing on the  o r d e r  of hours .  Since the t h e r m a l  conductivity of powders 
with values s i m i l a r  to  those of the Mar t i an  su r f ace  depend on the ambient  p r e s -  
s u r e  and a r e  a lmos t  independent of composit ion (Leovy, 1966), gaseous  t r a n s -  
po r t  i s  probab1.y the  chief hea t - t r anspo r t  mechanism within the Mar t i an  soil .  
In t h i s  c a se ,  the  t ime  s ca l e  fo r  w a t e r  vapor t o  diffuse through the l aye r  under-  
going seasona l  changes i s  probably comparab le  to  the t ime  s ca l e  f o r  hea t  
t r a n s f e r .  
A negligibly s m a l l  t e m p e r a t u r e  change i s  impl ied f o r  s  ubstantial  changes  
i n  the a tmosphe r i c  wa t e r -vapo r  content. If a l l  the a tmospher ic  wa t e r  vapor  
- 3 2 L (-- 1 .  5 X 10 g / c m  ) i s  absorbed ,  approximately  1 .  0 c a l l c m  wil l  be r e l e a sed .  
Using a density of 1 g / c m 3  and a speci f ic  heat  of 0. 25 c a l / g  (Sagan and 
Pol lack,  1965; P a p e r  I ) ,  we find that  a  r i s e  in  t empe ra tu r e  of about 0. 2 ° K  
wil l  occu r  i n  the top  25 cm.  
Finally,  a  wa t e r -vapo r  p r e s s u r e  g rad ien t  wi l l  ex i s t  between the top  25 c m  
and the l a y e r s  beneath,  which a r e  a t  constant  t empe ra tu r e ,  independent of the 
d iu rna l  and s ea sona l  f luctuations i n  s o l a r  i l lumination.  In o r d e r  f o r  t h e r e  to 
be  no net  f lux of wa t e r  vapor  between these  l a y e r s ,  the  equi l ibr ium p r e s s u r e  
of the  bot tommost  l aye r  should be a m e a n  of the values  implied f o r  the  upper  
l aye r s .  In genera l ,  this  impl ies  a somewhat  l a r g e r  so rba t e  volume f o r  these  
deep  l a y e r s  (cf. F i g u r e  4 and d i scuss ion  below). 
T h e  var ia t ion  in equ i l ib r ium vapor p r e s s u r e  wi th  t e m p e r a t u r e s  c an  be  
computed readi ly  f r o m  the Claus ius - Clapyer  on equation, with a hea t  of 
so rp t ion  equal  t o  12,  5 kca l /mo le .  As  the  upper 25 c m  i s  par t ic ipat ing i n  the 
s ea sona l  t e m p e r a t u r e  change and only the  top cen t ime t e r  undergoes s ignif i -  
can t  d iu rna l  t e m p e r a t u r e  f luctuations (Mor r i son  e t  al . ,  1969), we wil l  cons ide r  
only diurnal ly  averaged  t e m p e r a t u r e  va lues .  Heat-conduction calcula t ions  
r epo r t ed  by M o r r i s o n  e t  al .  indicate that  when the su r f ace  t e m p e r a t u r e s  
have peak values  of 304" and 229" K, the  ave r age  t e m p e r a t u r e  equals approxi-  
mate ly  229" and 189"K, respect ively .  Using t he se  r e su l t s ,  we have e s t ima t ed  
- 
the ave r age  t e m p e r a t u r e s  T f o r  s e v e r a l  peak t e m p e r a t u r e s  T of i n t e r e s t .  
P 
These  f i gu re s  a r e  given in Table  4. Also  given a r e  the corresponding equil i-  
.t< , 
b r i u m  a tmosphe r i c  wa t e r -  vapor  amounts  W a s soc i a t ed  with the a v e r a g e  
0, .r, ,I. 
t e m p e r a t u r e  values .  In es t imat ing  w'", we  have a s s u m e d  that  W s c a l e s  a s  
J ,  
the equi l ibr ium p r e s s u r e  and  have normal ized  w"' s o  a s  t o  yield a value of 
15  p, a t  21 5"K, in  a cco rd  wi th  e a r l i e r  d i scuss ions .  
Table 4 .  Theore t ica l  dependence of the Mar t ian  a tmospher ic  w-ater-vapor 
content W" upon the diurnally averaged t empera tu r e  T .  
-1, 
T - 
m a x  T w ' I -  4. 
(OK) (OK) (in precipi table  p) I 
-1, 
Normal ized s o  that  W-. = 1 5 p a t  2 15°K.  
J, 
It m u s t  be emphasized that  the  values of w". given in  Table 4 a r e  s t r i c t l y  
valid only i f  a given locale  on M a r s  w e r e  t ru ly  isolated f r o m  o ther  loca les  a t  
d i f ferent  t empe ra tu r e s .  Atmospher ic  winds can be expected to modify sub- 
s tant ia l ly  the dis t r ibut ion of wa t e r  vapor ,  especia l ly  a f t e r  a given region has  
been a t  a high ave rage  t empe ra tu r e  fo r  a long per iod of t ime.  
With these  words  of caution, we compare  the  r e su l t s  of Tables  3 and 4. 
T o  faci l i ta te  the comparison,  we u s e  the theore t ica l  peak su r f ace  t e m -  
pe ra tu r e s  shown in  F i g u r e  8, adapted f r o m  Sagan and Pol lack (1967), f o r  
var ious  Mar t ian  s ea sons  and lat i tudes.  The computed t e m p e r a t u r e s  a r e  day- 
t i m e  average  values ,  and i n  th is  s ense  they a r e  l e s s  than  the peak daytime 
t empera tu r e .  However,  the  a s sumed  albedo (0. 10)  i s  substantial ly lower  
than  now- accepted values ,  and the resu l t ing  overes t imate  of the  t empe ra tu r e  
r e s u l t s  in  values quite c lose  to  peak ones obtained by Mor r i son  e t  al .  (1 969). 
As we  w i sh  to obtain only c rude  e s t ima te s  of the expected var ia t ion in 
Hel iocentr ic  Long ihde ,  9 
E a r t h  Days 
I Autumn I Winter  1 Spring I Summer I 
F i gu re  8.  Calculated dayt ime t empera tu r e s  of the Mar t i an  sur face .  The 
ver t i ca l  coordinate indicates the lat i tude,  with a negative value 
denoting the southern hemisphe re ;  the  hor izontal  coordinate i s  
the location of M a r s  in  i t s  o rb i t  about the Sun, expressed  a s  the  
hel iocentr ic  longitude, o r  equivalently the season  of the y e a r  in  
the nor thern  hemisphere .  The ver t i ca l  l ines  indicate the t i m e  
a t  which a given s e t  of wate r -vapor  measu remen t s  w e r e  obtained 
by Schorn  e t  a l .  (1967). The var ious  crosshatchings  indicate 
the extent  of seasona l  darkening of d a r k  a r e a s .  Th is  f igure  was  
adapted f r o m  Sagan and Pol lack (1 967). 
equilibrium p res su re ,  F igure  6 is adequate. The ver t ica l  lines correspond 
to  the heliocentric longitudes given in Table 3. At the t ime of the two s e t s  
of observations in ear ly  spr ing for  the northern hemisphere ,  the peak tempera-  
.#, 
t u r e s  a t  m o s t  locales a r e  270°K o r  lower and the values of w"' given in Table 4 
a r e  compatible with the observed upper l imit  of 15 p. During the late- spr ing 
measurements ,  mos t  of the nor thern  hemisphere  i s  a t  280°K, while the 
southern hemisphere  i s  a t  i t s  coldest, with t empera tu re s  f a r  below 270" K. 
The expected and observed topographical distr ibutions of water  vapor a r e  
again in agreement .  At the highest t empera tu re s  determined by so l a r  insola- 
tion on Mars ,  water-vapor  par t ia l  p r e s s u r e s  a r e  quite high; abundance s of 
s e v e r a l  hundred precipitable microns  should easily be detectable by flyby o r  
orb i ta l  spec t rometers .  Hot spots  due to  geothermal  activity (Lederberg  and 
Sagan, 1962), provided they a r e  not too old, should show even higher par t ia l  
p r e s s u r e s .  Finally, during midsummer ,  the location of the highest peak 
t empera tu re s  has shifted somewhat northward, but not s o  f a r  a s  apparently 
indicated by the observations.  These  arguments  a r e  valid even if limonite 
is  p re sen t  only a s  a thin patina on par t ic les  of other  composition. Only if 
t he re  i s  l e s s  bound sur face  water  than f r e e  a tmospheric  water  - a very  
unlikely c i rcumstance - does the argument  fa l ter .  In summary ,  within the 
p re sen t  observational and theoret ical  uncertainties,  the observations by 
Schorn e t  al .  (1967) of the  variation in the distribution of Mart ian wa te r  
vapor with season a r e  compatible with the expected tempera ture  dependence 
of wa te r  vapor in quasi-equil ibrium with an  absorbing layer  of l imonite.  
Thus,  the observations of Schorn e t  al.  do not necessar i ly  imply l a rge  
amounts of condensed wa te r  in the polar  caps.  
Comparing Figure  8 with Table 4, we s e e  that  significantly m o r e  wa te r  
vapor should be detected in the la te  spr ing and ea r ly  s u m m e r  for  the southern 
hemisphere  than that  found during la te  spr ing fo r  the northern hemisphere .  
However, this may not be a unique prediction. Flyby and orb i te r  mi s s ions  
to  M a r s ,  because of the i r  enhanced spat ia l  resolution, offer the bes t  chance 
of determining whether sorpt ion o r  condensation p roces ses  control  seasonal  
and topographical variations in the a tmospheric  water-vapor  content. 
In  a s i m i l a r  fashion,  we can  expect  that  sorpt ion p r o c e s s e s  in the l aye r  
undergoing d iu rna l  t empe ra tu r e  var ia t ions  (approximately  the upper 1 c m )  
wi l l  inhibit the fo rmat ion  of f r o s t s  d i rec t ly  upon the ground during the night. 
The  su r f ace  t e m p e r a t u r e  of equa tor ia l  a r e a s  on M a r s  va r i e s  over  the day 
f r o m  about 180" t o  300°K (Sinton and Strong,  1960; M o r r i s o n  e t  al .  , 1969).  
L e t  us  suppose that  at sun r i s e  the su r f ace  m a t e r i a l  had the s a m e  m o l a r  
s o r b a t e  volume a s  the  subsur face  m a t e r i a l ,  about 3 .  7 X 1 o m 2 .  Then the  
s u r f a c e  ma te r i a l ,  whose depth and densi ty  a r e  1 c m  and 1 g / c c ,  respect ively ,  
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would contain 3 .  8 X 10  g / c m  of bound wa t e r ,  a n  amount comparable  to  
that  in the a tmosphe re ;  about 2 .  6 c a l / c m  would be requ i red  to cause  complete  
L 
vaporization.  As the s u n  supplies about 200 c a l / c m  n e a r  the equator ,  
complete  vapor izat ion could occu r  ove r  the day. When the  t empe ra tu r e  r i s e s  
above about 225"K, the  constant  t e m p e r a t u r e  below a depth of 1 c m ,  the  
equ i l ib r ium p r e s s u r e  of the su r f ace  m a t e r i a l  will exceed the ambient  pa r t i a l  
p r e s s u r e  of wa te r  vapor  and the su r f ace  m a t e r i a l  wil l  begin to lose  bound 
wa t e r  to the a tmosphe re .  During the day the lower a tmosphe re  i s  convectively 
unstable  (G ie r a sch  and Goody, 1968), and s o  the r e l e a sed  wate r  wil l  be d i s t r i -  
buted throughout the w a r m e r  por t ion of the Mar t i an  t roposphere  (- 5 k m  in 
a l t i tude) .  Since the p resumed bound-water content i s  only comparab le  to  the 
in i t ia l  amount  of a tmosphe r i c  wa t e r ,  we s e e  f r o m  F i g u r e  4 that  equi l ibr ium 
n e a r  noon i s  achieved only through a movement  predominantly to the r igh t  in 
the d i ag ram,  i. e . ,  a  v e r y  subs tan t ia l  reduction in  so rba t e  volume. 
During the night the r e v e r s e  s i tuat ion wil l  occur .  The  su r f ace  l a y e r s  
wi l l  s o r b  a tmosphe r i c  wa t e r  vapor .  However,  s ince  the port ion of the 
a tmosphe re  c lo se s t  t o  the  ground exhibits  a n  invers ion  l aye r  during the night 
(G ie r a sch  and Goody, 1968), t r a n s p o r t  of wa t e r  vapor t o  the ground wi l l  be 
quite slow. If t r a n s p o r t  i s  chiefly by molecu la r  diffusion, then s t anda rd  
diffusion equations ( P r e s e n t ,  1958),  applied to Mar t i an  conditions, imply 
that  the ground wi l l  r ece ive  w a t e r  vapor  f r o m  only the  lowes t  10 m of t he  
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a tmosphe re  and s o  wil l  r ega in  only 2 X 10 of the amount  los t  during the  
day. 
We have seen  that  if initially the su r f ace  l ayer  had a sorba te  volume 
comparab le  to  that  of the subsur face  l a y e r s ,  it would lose  mos t  of the  bound 
w a t e r  over  a period of a day. T o  m e e t  the conditions of no net change i n  
bound w a t e r  over  a day, the su r f ace  should gain wa te r  f r o m  the a tmosphere  
dur ing the  cooler  port ion of the  sunli t  hours ,  while losing wa te r  during the 
w a r m e r  hours .  At night the  vapor  p r e s s u r e  a t  the very  sur face  wi l l  be very  
low, although l i t t le  wa t e r  i s  absorbed.  During the day the pa r t i a l  p r e s s u r e  
wi l l  be  c lose  t o  the value typical  of m o s t  of the a tmosphere .  We have a l ready  
- 6 impl ic i t ly  made  use  of these  conclusions in  assigning a value of 1 0  a t m  a s  
the  ave rage  pa r t i a l  p r e s s u r e  a t  the  sur face ,  although a value about twice a s  
l a r g e  m a y  be valid fo r  m o s t  of the lower  a tmosphere .  An examination of 
F igu re  4 shows that  the equi l ibr ium p r e s s u r e  achieved a t  the su r f ace  wi l l  
be somewhere  between cu rves  3 and 4, with the m o l a r  sorba te  volume about 
a n  o r d e r  of magnitude l e s s  than tha t  below and the  bound-water content a 
s i m i l a r  amount  l e s s  than the  a tmospher ic  content. During the day equi l ibr ium 
i s  approached by hor izontal  movements  in the d iagram,  i. e. , through changes 
in so rba t e  volume, while a t  night the movement  i s  chiefly ver t i ca l ,  i. e. , the 
p r e s s u r e  i s  changed. 
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